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Introduction
A moderate wine consumption is one of the standard premises associated with the health benefits of the Mediterranean diet (Nestle, 1995) In a previous work, it was shown that wine polymeric material (WPM), of which mannoproteins (MP) and type II arabinogalactans (AG) are the main constituent polysaccharides, present the capability to interact with polyphenolic compounds, especially coumaroyl-glucosilated anthocyanins (Gonçalves et al., 2012). To understand these interactions, there is a need to clarify which, if any, of the major constituent polysaccharides have a relevant role as well as the extent of the interaction process. In this work, the potential capacity of MP-and AG-rich fractions to interact with anthocyanins was assessed towards nine monomeric structures from red wine, overall comprising glycosylated, acetyl-glycosylated, and coumaroyl-glycosylated structures. For this purpose, the diffusion efficiency of the anthocyanins through a dialysis membrane was determined in the presence and absence of MP-and AG-rich fractions along 5 dialysis steps with water renewal every 3 hours. The retention capacity was determined allowing to estimate the extent of the interactions between each individual anthocyanin with MP or AG. To provide evidences of the extent of polyphenolic compounds interaction with WPM, the velocity of release of polyphenolic compounds was determined, at different temperatures, for WPM submitted to different washing steps. This allowed the estimation of the kinetic constant and activation energy (E a ) associated with the interactions between polyphenolic compounds and WPM.
Materials and Methods

Preparation of mannoprotein (MP), arabinogalactan (AG) and anthocyanin-rich fractions
Dealcoholized wine (DW) was obtained by heat treatment of red wine from Dão Appelation, in Portugal, from 2009 vintage (Gonçalves et al., 2012) . Briefly, the wine was heat-evaporated, at atmospheric pressure, until 75% of its initial volume. At the end of the distillation process, water was added in the same volume of the alcoholic fraction removed maintaining the concentration of the wine components under study equal to the original wine. The DW was then subjected to solid-phase extraction with C18 sep-pak cartridges (SPE-C18, Supelco-Discovery, 20g) (Figure 1a) , preconditioned with 20 mL of methanol followed by 20 mL of water and 20 mL of 2% acetic acid. The column was then washed with water (pH 3.4) yielding a polysaccharide-rich fraction. This fraction was dialyzed (12 kDa cut-off membrane, Medicell) to remove tartaric acid and other small molecules (Coimbra, Gonçalves, Barros, & Delgadillo, 2002). The retentate was concentrated, frozen and freeze-dried to give the wine polysaccharides as a powder. To obtain a MP-rich fraction from wine polysaccharides, an affinity medium of concanavalin A (Con A) Sepharose 4B (GE Healthcare, Uppsala, Sweden) was used, according to the procedure described by Coelho, Rocha, and Coimbra (2011). Anion-exchange chromatography was performed for the ConA non-retained fraction, which was rich in arabinogalactans (AG), using a HyperSep SAX 10 g (Thermo Fisher Scientific, U.K.). The neutral fraction (AG0) was obtained by elution with water. Two acidic fractions (AG1 and AG2) were obtained by sequential elution with 50 mM and 500 mM phosphate buffer (pH 6.5). All fractions were dialysed against water, and freeze-dried.
To elute the polyphenolic compounds retained in the C 18 cartridge, acidified methanol (0.1% HCl) was used to obtain a polyphenolic-rich fraction. This material was concentrated, frozen, freeze dried and dissolved in water yielding a wine polyphenolic solution. To obtain an anthocyanin-rich fraction (Figure 1a 
Dialysis conditions for measurement of diffusion of anthocyanins
To determine MP and AG interaction with anthocyanins, the dialysis membranes were filled with 10 mL of anthocyanin-rich solution (total anthocyanins at ≈0.28 mg of malvidin-3-O-glucoside (Mv3Glc) equivalents (determined using the SO 2 bleaching method described in section 2.6), in the presence of 1.50 mg of MP, which was the concentration occurring in the wine samples. To be directly comparable to MP, AG were tested using the same concentration. The concentration of anthocyanins used was optimized to obtain the maximum information about their interaction with polysaccharides with the minimum number of dialysis steps able to determine 1) the retention coefficient in the first dialysis and 2) the asymptote of the diffusion behavior, only observed after several dialysis runs. 
Preparation and washing of WPM
Determination of the E a of polyphenolic compounds interaction with WPM
DW, WPM and PMi were dialysed at different temperatures (25, 30, 35 and 40 ºC). The release of polyphenolic compounds from the polymeric material, at each temperature, was determined by their quantification in the dialysis water along time.
The amount of polyphenolic compounds in the dialysis water was plotted against the release time until reaching a steady state. The slope of the linear region corresponds to the release rate of polyphenolic compounds, expressed as µg equivalents of gallic acid (GAE)/second. Each sample was assayed using three or four concentration levels, allowing the determination of three or four release rates. The kinetic constant was determined plotting the release rate against the initial amount of polyphenolic compounds inside the dialysis bag. The activation energy was obtained from the slope of the logarithmic form of Arrhenius equation (Equation 2)
where E a is the activation energy (kJ/mol), k is the kinetic constant, k 0 is the preexponential constant, R is the gas constant (8.314 J.mol/K) and T is the mean absolute temperature of the considered dialysis temperature range (K).
Carbohydrate and protein analysis
Neutral sugars present in the polymeric material were determined by gas chromatography (GC) after acid hydrolysis and derivatization to alditol acetates WPM and PMi protein content was determined by amino acid analysis after acid hydrolysis (6 M HCl) and derivatization for GC-FID (PerkinElmer Clarus 400 instrument -PerkinElmer, Massachusetts, USA) analysis as described by Coimbra, Nunes, Cunha, and Guiné (2011). The compounds were identified by their retention times and chromatographic comparison with standards. Quantification was based on the internal standard method using L-norleucine, and the calibration curves were built for 18 amino acids.
Total polyphenolic content, total anthocyanins and monomeric anthocyanins
The total anthocyanins were determined for W1 MP -W5 MP , W1 AG -W5 AG and W1 B -W5 B fractions using the SO 2 bleaching method as described by Santos et al.
(2016). Each sample (1 mL) was added to 1 mL of ethanol acidified by 0.1% HCl and 20 mL of 2% HCl solution. In one tube, 2 mL of previous solution was added to 0.8 mL of water (t1). In another tube (t2) were mixed 2 mL of previous solution and 0.4 mL of HNaSO 3 solution (15% w/v) and 0.4 mL of water. After 20 min at dark room temperature, the absorbance at 520 nm was measured. The total anthocyanins were calculated using the Equation 3 , where abst1 and abst2 means for the measured absorbance for the test tube 1 and 2, respectively. The results were expressed as µg of malvidin equivalents.
Equation 3.
Total anthocyanins = 875 × (abst1 -abst2). (0.125 mL) was added to 0.5 mL of deionized water and 0.125 mL of Folin-Ciocalteu reagent (Sigma). After 6 min, 1.25 mL of 7.5% solution of sodium carbonate and 1.0 mL of deionized water were added. The mixture was left 90 min at room temperature in the dark and the absorbance at 760 nm was measured. The results were expressed in µg of gallic acid equivalents.
Statistics
All experiments were done in triplicate. t-Student test at a level of 0.05 of significance was used in order to determine significant differences between the retention coefficient of polysaccharides for each one of the monomeric anthocyanins. of 140 µg Mv3Glc eq. whereas that of Antho 3-CmGlc was 6 µg (variance of 0.102) out of 11 µg Mv3Glc eq., thus representing higher retention percentages than those obtained for the blanks (32 and 1 µg Mv3Glc eq., respectively). This is indicative that MP and AG promote the retention of Antho 3-Glc and Antho 3-CmGlc in the same order of magnitude. However, the two polysaccharides exhibited a distinct retention ability of Antho 3-AcGlc (Figure 2d) , with AG being able to retain 50% more anthocyanins than MP (18 and 12 µg, respectively, out of 34 µg Mv3Glc eq.).
Results and Discussion
As these results are indicative that MP and AG present selectivity towards the different anthocyanin structures, the retention coefficient for each anthocyanin was calculated based on the percentage of its release to the dialysis water during the first 3 h period in the presence of polysaccharide fractions and in their absence ( Table 2) . The cumulative amount of the diffused polyphenolic compounds increased along dialysis. After a lag phase, where the release of polyphenolic compounds was slow, a linear phase was observed until the reaching of a stage where the amount of released compounds seemed to tend asymptotically to a plateau ( Figure S1 ). The time required to achieve the plateau varied from 36 to 63 h for WPM, depending on the tested concentrations and temperatures ( Table 3) .
The release rate of polyphenolic compounds was determined using the slope of the linear phase, i.e, the cumulative amount of polyphenolic compounds released versus time, thus excluding the lag and plateau phases (Figure 3a) . Correlation coefficients ranging from 0.73 to 0.99 were obtained, showing their suitability for use in the calculation of polyphenolic compounds release rate. For WPM, the release rate ranged from 0.6 to 2.2 µg/h, rising with the increase of the temperature ( Table 3 ). The kinetic constant increased from 7.36×10 -7 s -1 to 11.7×10 -7 s -1 when the temperature increased from 25 ºC to 40 ºC, indicating a higher rate of release of polyphenolic compounds with temperature ( Table 4) . The resulting E a for WPM was estimated as 25.4 kJ/mol.
To estimate the E a for the diffusion of free polyphenolic compounds in the presence of WPM, the same procedure was performed for DW. In contrast with WPM, DW did not present a lag phase for the diffusion of polyphenolic compounds (Figure   3b ), presenting release rates in the range of 3.4 to 26.2 µg/h (Table 3) , much higher than those observed for WPM ( , and consequently a lower E a (2.6 kJ/mol) ( Table 4) carbohydrates: Man (-11%), Gal (-20%), UA (-27%) and Ara (-36%), which resulted in an increase of the polysaccharide fraction to 452 mg/g, indicating that the majority of MP and AG originally present in WPM were recovered in PMi. The protein fraction also increased to 11.8 mg/g, of which Ser (17%), Thr (16%), Glx (15%), and Asx (12%) were the main amino acids.
The dialysis of PMi, when compared to WPM, showed a more extended lag phase of diffusion of polyphenolic compounds (Figure 3c) , as well as lower rates of release (0.3 to 0.8 µg/h). This resulted in lower k c (0.94×10 -7 s -1 to 2.46×10 -7 s -1 ), and consequently a higher E a (50.8 kJ/mol), twice the energy observed for the diffusion in WPM. This E a level is indicative that 33% of the polyphenolic compounds present in WPM are strongly retained. Although hydrogen bonds were suggested to be involved due to the higher elution rates with the increase of temperature, the diffusion of only 3-5 % of polyphenolic compounds suggests that the E a observed should be mainly due to strong hydrophobic interactions between polyphenolic compounds and WPM as it was proposed for the interaction between apple procyanidins and pectic hairy regions 
Conclusion
Interactions between anthocyanins and wine polysaccharides were demonstrated.
The MP and AG, which comprise the carbohydrate moiety of WPM, presented the capability to interact with all anthocyanin families. Nevertheless, AG have higher interactions with anthocyanins than MP. These interactions occur mainly for the more hydrophobic anthocyanin families. As a result, it is feasible that AG, which tends to be more abundant than MP in wine, are the main polysaccharide responsible for the described interactions of anthocyanins with WPM.
The interaction of polyphenolic compounds with WPM suggested to be organized in different energetic layers ruled by non-covalent interactions. The polyphenolic compounds can be loosely bound to WPM (E a =2.6 kJ/mol), moderately retained (E a =25.4 kJ/mol), and strongly retained (E a =50.8 kJ/mol). Other polyphenolic compounds were not able to be released from WPM, supporting that stronger interactions and/or covalent linkages should be present.
In the nutritional and technological point of view, the results indicate that polyphenolic compounds interact with WPM, in particular polysaccharides, which may contribute to the understanding of polyphenolic compounds bioaccessibility along digestion. Nevertheless, it should be highlighted that the gastrointestinal tract possesses a whole range of environments with different pH, salt and biliary salt concentrations, enzymes and microorganisms that somehow may affect the dynamics and extent of the interaction phenomena observed in this study. This should be considered in further studies to achieve a more complete understanding to what really happens in vivo.
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